Unusual gelation of acidic solutions was achieved using polycations bearing quaternary ammonium moieties. These ionene polymers are based on a disubstituted phenylene dibenzamide core, which allows the construction of different topomers (i.e. ortho-1, meta-2 and para-3). The topology of the polymers was found to play a key role on their aggregation behaviour both in pure water and in a variety of aqueous acidic solutions leading to the formation of stable acidic gels. Specifically, ortho-1 showed superior 10 gelation ability than the analogues meta-2 and para-3 in numerous solutions of different pH and ionic strengths. Lower critical gelation concentrations, higher gel-to-sol transition temperatures and faster gelation were usually observed for ortho-1 regardless the solvent system. Detailed computational molecular dynamic simulations revealed a major role of the counterion (Cl¯) and specific polymer···polymer interactions. In particular, hydrogen bonds, N-H··· interactions and intramolecular 15 - stacking networks are distinctive in ortho-1. In addition, counterions located at internal hydration regions also affect to such polymer···polymer interactions, acting as binders and, therefore, providing additional stability.
Introduction
A large number of important biological macromolecules (e.g. 20 nucleic acids, polypeptides and polysaccharides) and well-known synthetic macromolecules (e.g. polyacrylic acid and poly(styrene sulfonate)) are highly charged polymers, so-called polyelectrolytes, that have been object of abundant theoretical and experimental investigations during the last decades. 1-3 25 Commercial applications of these polymers range from colloidal stabilization to superabsorbent gels, where hydrophobic, charge transfer and long-ranged electrostatic interactions mediated by mobile ions and water molecules define the physical properties and, hence, the functionality of these systems. 30 Among different types of polyelectrolytes, polycations bearing quaternary ammonium in the backbone constitute a very interesting subgroup known as ionenes, [4] [5] [6] [7] [8] [9] [10] which are usually prepared either by step polymerization via Menshutkin reaction or cationic functionalization of precursor polymers. [11] [12] [13] [14] These 35 polymers have been widely used as antibacterial agents, building blocks for the preparation of chromatography stationary phases, symplexes or functional gels, among other applications. 4, 15, 16 The charge distribution, the type of counterions, the molecular weight, structural flexibility and H-bonding capability are, among others, 40 critical aspects that may influence the dynamics of the ionic chains that govern their properties. [17] [18] [19] Unfortunately, a low control on some of these features as well as the lack of theoretical models developed at the atomistic level [20] [21] [22] [23] [24] make difficult to understand, predict and control their aggregation in different 45 aqueous media. 20 Within this context, we have recently reported 25 a combined computational-experimental approach that led to the improvement of the hydrogelation ability of important 1,4-diazabicyclo[2.2.2]octane (DABCO)-based ionenes [26] [27] 13 containing different structural isomers of phenylenediamine as 50 molecular core ( Figure 1 ). Molecular dynamics simulations of these ionenes with explicit water molecules pointed out remarkable differences in the assembly of the polymeric chains in each case. Specifically, interchain regions with high degree of hydration (i.e. polymer···water interactions) and regions 55 dominated by polymer···polymer interactions were evident in the case of ortho-(1) and meta-(2) isomeric ionenes, while domains governed by polymer···polymer interactions were nearly inexistent in 3. This was experimentally correlated with the superior properties of the gels prepared from 1.
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This journal is © The Royal Society of Chemistry 2017 Despite the potential interest of gelation of acidic solutions in areas such as safety and environmental remediation, [28] [29] [30] this 5 phenomenon is scarcely described in the literature and mainly associated to low molecular weight gelators. [31] [32] [33] [34] [35] A reason behind this scenario may be the existence of labile structural moieties in many gelating agents and their potential cleavage and/or undesired protonation events in acidic media. Yoshida and co- 10 workers 26 reported that a polymer based on a N,N'-(pphenylene)dibenzamide linkage bearing a C 6 -flexible spacer was able to gel a 0.1 M HCl solution, although no further studies were carried out related to this observation. To our delight, we have found that the well-defined topology of ionenes 13 not only 15 govern their aggregation behaviour in pure water but also in a variety of aqueous acidic solutions leading to the formation of a variety of stable acidic gels. Herein, we describe the details of this exceptional phenomenon and the understanding of the effects of the different polymer topologies through computational 20 molecular dynamic simulations.
Experimental Materials
Unless otherwise stated all chemicals, reagents and solvents were of analytical grade, purchased from commercial sources (TCI 25 Europe, Sigma-Aldrich) and used as received without further purification. Water was bidistilled prior usage. The ionene polymers were prepared as we previously reported. 25 Briefly, amidation of isomeric ortho-, meta-and para-phenylenediamine with 4-(chloromethyl)benzoyl chloride in the presence of Et 3 frequency for 2 min to ensure gel-to-sol transition (G' < G'') and minimize inertial effects, and (3) relaxation for at least 20 min at the same conditions as for step (1) (recovered gel state, G' > G'').
Steps (2) and (3) have been performed twice to ensure the reversible nature of the phase transitions.
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Electron microscopy of the samples was conducted with the following instruments: (1) JEOL-2000 FXII transmission electron microscope (TEM, resolution = 0.28 nm) equipped with a CCD Gatan 694 digital camera and operating at 10 kV (accelerating voltage). (2) Carl Zeiss Merlin field emission scanning electron 75 microscope (FESEM, resolution 0.8 nm) equipped with a digital camera and operating at 5 kV (accelerating voltage) and 10 μA (emission current). Preparation of the samples for TEM: 10 μL of the gel suspension was allowed to adsorb for 30 s onto carboncoated grids (300 meshes, from TED PELLA, Inc.). After the 80 adsorption, the excess solvent was removed by touching the edges with a small piece of filter paper (Whatman). The specimens were then dried overnight in a desiccator at low pressure and room temperature (RT). Patches of the gel were first searched to be sure that the observed structures originate from the 85 gel. Micrographs were taken from structures at the periphery of the patches where the fibers were deposited in a layer thin enough to be observed by TEM. Preparation of the samples for FESEM: Samples of the cryogels were prepared by the freeze-drying (FD) method: 36 An Eppendorf tube containing the corresponding gel 90 (100200 μL) was frozen in liquid nitrogen or dry ice/acetone and the sample was immediately evaporated under reduced pressure (0.6 mmHg) for 2 days at RT. A fibrous solid was obtained, which was placed on top of a tin plate and shielded by Pt (40 mA during 30 s; film thickness  5 nm).
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Polarized optical microscopy (POM) was conducted using a Olympus BX51 microscope equipped with a Olympus DP12 digital camera at cross polarization of 90° using polarization filters. The samples were sandwiched between two cover glass slides for observation.
Elemental analyses were recorded on a Heraeus CHN elemental analyzer. 5 In order to achieve adequate solubility and mobility of the polymers for gel permeation chromatography (GPC) analysis, it was necessary to carry out anion exchange of chloride by bis(trifluoromethanesulfonyl)amide (TFSA) anions using lithium bis(trifluoromethanesulfonyl)azanide in hot water as previously 10 described. 25 The main physical properties of the polymers (M n , M w , n, Đ) were previously determined and can be found in the Supporting Information.
Preparation of gel materials
Typically, a weighed amount of the corresponding ionene 15 polymer and 0.5 mL of the appropriate aqueous medium were placed into a screw-capped glass vial (4 cm length and 1 cm diameter) and gently heated with a heat-gun until the solid material was completely dissolved. The resulting isotropic solution was then spontaneously cooled down to RT. No control 20 over temperature rate during the heating-cooling process was applied. The material was preliminarily classified as "gel" if it did not exhibit gravitational flow upon turning the vial upsidedown at RT. The state was further confirmed by rheological measurements.
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Determination of critical gelation concentration (CGC)
CGC values were estimated by continuously adding aliquots of solvent (0.020.1 mL) into vials containing the corresponding ionene polymer and performing a typical heating-cooling protocol for gel-formation until no gelation was observed. The 30 starting point for CGC determinations was 200 g L -1 . No further experiments were made if gelation was not achieved at 500 g L -1 . Non-gel containing vials (i.e. clear solution after 10 days) were frequently left at RT and visually monitored for possible gelation/crystallization over time.
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Determinations of thermal gel-to-sol transition temperature (T gel )
T gel values were determined by the inverse flow method (the seal vial containing the hydrogel was hung horizontally into an oil bath, which was heated up at 2 ºC min -1 ). 37 Herein, the 40 temperature at which the gel started to break was defined as T gel . Each measurement was made by duplicate and the average values reported.
Determination of HCl gas absorption
The desired absorbing material was placed into a 50 mL Schlenk 45 flask and exposed to a continuous flow of HCl gas generated in situ from the addition of concentrated H 2 SO 4 via a dropping funnel over solid NaCl placed in a separate flask with a gas exit connected to the flask containing the polymeric material ( Figure   S1 ). The absorbed amount of HCl was subsequently determined 50 by titration of the material with 0.1 M NaOH.
Computational studies
Production HCl(free). The total number of explicit particles for each production trajectory, which were 45 ns long, was around 450K. Details about the computational methods, equilibration protocols and composition of each system are provided in the Supporting Information. All radial distribution functions were calculated 65 considering the last 25 ns of the production runs. The gelation capacity of 13 and 1-free(HCl) was evaluated by quantifying the dimensions of the hydration regions through the box-counting method applied to a regular three-dimensional grid.
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Results and discussion
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Gelation of aqueous acidic solutions
During the study of the gelation ability of ionenes 13 we found that 1 (ortho-isomer) and 3 (para-isomer) efficiently gelled HCl solutions (0.1 M, pH = 1.0) at their corresponding critical gelation concentration (CGC) determined in pure water (25 g L -1 75 and 48 g L -1 , respectively). In contrast, meta-isomer 2 failed to gel these HCl solutions even at 2-fold higher gelator concentration (up to 200 g L -1 ) than that in pure water. As shown in Table 1 , further investigations revealed that compounds 1 and 3 were also able to promote effective gelation of 0.1M HCl 80 solutions not only at concentrations even lower than the CGC established in pure water, but also with much faster kinetics (ca. 100-times and 50-times shorter gelation times than in water for 1 and 3, respectively). Motivated by these results, we decided to explore the gelation ability of these systems in other acidic 85 solutions. Ionene 1 formed stable and homogeneous gels within 30 min in HBr, HI, H 3 PO 4 and HNO 3 solutions (0.1 M, pH = 1.0 for HBr, HI, and HNO 3 , pH = 1.62 H 3 PO 4 ), whereas the gelation ability of 2 and 3 was rather limited and several of their gels were not homogeneous and underwent gradual water loss over time terms of optical appearance, and in contrast to the hydrogel obtained from 1 in water, all gels described in Table 1 were opaque except the one made of 1 in acetic acid, which was translucent. These appearances suggested the formation of aggregates in acidic solutions bigger than the wavelength of 5 visible light (350750 nm) causing its scattering (vide infra, Figure 3D ). The acidic gels prepared from 1 were stable for several months at room temperature without detriment of their consistency and visual appearance. At this point we decided to take HCl solution as a model acidic 10 medium to investigate and compare other properties of the obtained gels compared to those prepared in pure water. An important effect of the Cl¯ counterion was revealed by the ability of 1 to gel also solutions of different ionic strengths containing inorganic chloride salts such as NaCl, CsCl, NH 4 Cl (pH = 5.1) 15 and CaCl 2 , albeit the use of 3.54 fold excess in gelator concentration compared to the CGC in pure water was necessary to obtain the gels ( Table 1) . The superior gelation properties of 1 were also evident in these solutions as neither 2 nor 3 were able to form gels at concentrations ranging from 10 g L -1 and 200 g L - 20 1 . These results suggest an apparent synergistic effect of both H + and Cl¯ ions to facilitate the gelation process using 1, thus lowering the CGC and increasing the stability of the resulting gel in comparison to pure water.
25 Table 1 Effect of different aqueous environments containing various acids and inorganic Cl¯ sources on the gelation properties of ionenes 13 with respect to pure water.
Experimental errors were determined from at least two randomized measurements.
b Unless otherwise indicated, the concentration of aqueous solutions was adjusted to 0.1 M.
c Concentration was adjusted to 0.05 M. d Gradual water loss of the material precluded an accurate determination of the Tgel. Abbreviations: I = insoluble, S = solution, P = precipitate. 30 Additional positive effects of the HCl medium were obvious by comparing the gelation kinetics and the thermal stabilities of gels with those obtained in pure water at comparable ionene concentrations ( Figure 2 ). Thermal sol-to-gel transition 35 temperatures (T gel ) of the gels prepared from 1 and 3 were found to be increased by 4 ºC and 14 °C, respectively, with respect to those obtained in water (Figure 2A ). Furthermore, a remarkable decrease in the gelation time to about 20% of the value obtained in water was visible for both compounds 1 and 3 in HCl solutions 40 ( Figure 2B ). The optimum concentration of HCl in aqueous solution was determined by testing different concentrations at the CGC of the desired gelator in pure water, and comparing the effect on both the T gel and the gelation kinetics. The results are summarized in Table S1 and Figure 2 and indicate that a 45 concentration of HCl of 0.1 M promotes the most effective gelation characterized by the highest T gel and gelation kinetics for both ionenes. Gels made from 1 and 3 could also be prepared at acid concentrations of 1.0 M and 0.5 M, respectively, albeit with a detriment of the studied gels properties. Higher concentrations 50 in each case lead to clear viscous solutions. In addition, and as also observed in pure water, 25 both the thermal stability of the gels and the gelation kinetics in acidic medium were enhanced by increasing the ionene concentration (e.g. gel prepared from 1 in 0.1 M HCl at its CGC displayed a T gel of 60  2 ºC and a gelation 55 time of 10  2 min, whereas ca. 4-fold increase in the concentration of the ionene afforded an opaque gel within 4  0.2 min and with a T gel of 72  1 ºC) (Table S1) .
It is worth mentioning that no degradation products of the polymers were detected in the respective acidic solutions, at least 60 during the time scale of the reported experiments. Furthermore, in our previous work we demonstrated that the topology of these polymers plays a critical role on their hydrogelation ability, being the molecular weight much less relevant. 25 The weight-average molecular weight, polymerization degree and dispersity values 65 are very similar for compounds 1 and 2, whereas these values are relatively higher for the isomer 3 (see Supporting Information). Thus, the better gelation properties (Table 1) according to the lower molecular weight of 1 in comparison to 3 seems to be a more complex scenario if the isomer 2 is also taking into 70 consideration. This is in agreement with the major influence of the topology over the molecular weight of these polymers on their self-assembly behaviour in aqueous medium and on the properties of the so-formed aggregates. Table 1 .
Dynamic oscillatory rheology was conducted in order to 5 confirm the viscoelastic gel nature of the materials and compare the overall mechanical stabilities towards external shear forces (Table 2 and Figure 3 ). Appropriate dynamic frequency sweep (DFS), dynamic strain sweep (DSS) and dynamic time sweep (DTS) experiments for the gels made of 1 and 3 both in water and 10 in HCl solutions revealed a remarkable enhancement of the mechanical stabilities of the gels prepared in HCl, as indicated by higher storage modulus G' (one order of magnitude higher than in water) and lower tan  values (Table 2 and Figure 3A-B) . On the other hand, the materials derived from HCl seem to be more 15 brittle in nature as indicated by the smaller maximum strain at break () of the gels. Furthermore, the macroscopic thixotropic behavior of compound 1 that we previously observed in water 25 is also preserved in 0.1 M HCl solution and supported by a threestep loop test (i.e. > 97 % of the original moduli values was 20 recovered after the second relaxation cycle) performed as described in the Experimental Section (Table 2 and Figure 3C ). Table 1 . Optical microscopy images of the gels made of 1 (25 g L -1 ) in both 0.1 M HCl and pure water revealed the presence of distinctive domains of birefringence under crossed nicols 10 dependent on the nature of the aqueous medium, indicating the formation of different anisotropic aggregates (Figure S4A-D) . FESEM images of the corresponding xerogels, obtained by the freeze-drying method, 37 confirmed the induction of different morphologies caused by the nature of the aqueous environment. 15 Specifically, dense and macroporous networks formed by connected leaf-like layers with interlamellar distances in a range of 510 μm were visualized for the xerogels of 1 and 3 in pure water ( Figure S4E,F) . In sharp contrast, rougher and denser agglomerates could be observed for xerogels made of both 20 ionenes in 0.1 M HCl ( Figure S4G,H) . Agglomerates resembling pebble stones (average diameter for individual particles ~ 15 μm) were clearly characteristic for xerogels prepared from ionene 3 ( Figure S4H ). TEM images derived from compound 1 in pure water revealed overlapped lamellar structures consisting of large 25 and homogeneous sheets ( Figure S4I ), in good agreement with the findings obtained by FESEM. On the other hand, TEM images of the materials derived from acidic environment showed the presence of very dense and non-layered structures ( Figure  S4J ). 30 As expected, comparative FTIR studies using 1 (25 g L -1 ) suggested the involvement of amide hydrogen bonds and aromatic interactions during the gelation process in both pure water and HCl solution ( Figure S5 ). It is worth mentioning that the ionene hydrogel in HCl solution showed a slight shift of both 35 CO and NH resonances to lower energy with respect to the solid ionene (e.g. from ca. 1646 cm -1 to 1635 cm -1 for amide I bands, and from ca. 3290 cm -1 to 3255 cm -1 for NH stretching bands). Nevertheless, such minor differences disappeared in the case of pure water, suggesting that the above interactions are also present 40 in the solid state of 1. Moreover, solid ionene 1 also showed affinity by in situ generated HCl gas (i.e. 500 mg of solid 1 absorbed 203 mg of HCl gas within 1.5 h) as demonstrated by titration experiments. At this point, we performed computational studies in order to provide a reasonable explanation for the effects 45 of hydrochloric acid on the gelation process of the different ionenes as well as on the properties of the corresponding gels.
Computational studies
Simulations of ionenes 13 were performed considering an aqueous solution containing 1000 H 3 O + ·Cl -ion pairs to provide 50 microscopic information about the relationships between the substitution pattern of the phenyl ring and the gelation capacity in acidic solutions. Visual inspection of the recorded snapshots reveals important differences between the three systems ( Figure  4A ). First, the degree of assembly among the polymer chains is different for the three ionenes. Thus, polymer···polymer interactions dominate on 1 while the dimensions of the internal 5 hydration areas progressively increase for 2 and, especially, 3. Indeed, polymer···polymer interactions are mainly localized at the central region for the latter. Thus, 1 dominates with respect to the other two systems not only in terms of specific interactions (e.g. hydrogen bonds, N-H··· and ···), a proved below, but 10 also in van der Waals forces (i.e. steric contacts among the polymer chains). Although details about differences in the nature of polymer···polymer interactions are provided below, differences among the three systems have been mesoscopically quantified by applying the box-counting method. 15 For this purpose, simulation boxes of 13 have been divided into cubes of side length ℓ and M(ℓ) against ℓ represented in a double-logarithmic plot, where M(ℓ) is the number of cubes of side length ℓ that contain at least one polymer atom. Results, which are displayed in Figure 4B , evidence an almost perfect 20 straight line for 1, 2 and 3 when ℓ  22, 14 and 13 Å, respectively, while M(ℓ) follows a disperse behaviour for higher ℓ values. It is worth noting that this threshold ℓ value decreases with the increasing size of the hydration regions, corroborating that the gelation capacity varies as follows: 1 > 2 > 3. Thus, the 25 threshold ℓ value decreases when the range of length scales in which the structural self-similarity (i.e. similar features in terms of molecular organization) increases. For comparison, additional MD trajectories were run for 1-free(HCl). Analysis of the results, which are included in Figure 4B , reflects significant differences 30 between 1 and 1-free(HCl). Thus, the latter exhibits behaviour similar to 2 with a straight line for ℓ  14 Å. These results demonstrate that the gelation process not only depends on the polymer topology but also on the pH of the aqueous solution. Thus, results displayed in Figure 4B points out that the 35 incorporation of HCl favours the gelation process of the orthoisomer decreasing the size of the hydration regions.
Experimental observations discussed in the previous section proved that, in acid aqueous solution, the gelation capacity of the investigated ionenes depends on the topological constraints 40 induced by the substitution pattern of the aromatic ring. These topological constraints are expected to influence the nature of the environment···polymer and polymer···polymer interactions, which obviously play a fundamental role in the gelation phenomenon. Regarding to environment···polymer interactions, 45 inspection of the radial distribution functions for Cl -··· + N (g Cl-N ) and Cl -···X cm (g Cl-X ) pairs, where X cm refers to the centre of masses of the aromatic rings, reveals that the amount of Cl -anions surrounding or being entrapped by the polymer chains (i.e. at a distance r  8 Å) decreases as follows: 1 > 2 > 3 ( Figure 4C ). 50 Moreover, detailed analyses of the residence times () reveal that the molecular architecture affects the stability of these interactions. Thus, the number of Cl -at r  8 Å from polymer chains having  > 1.5 ns is 32, 25 and 12 for 1, 2 and 3, respectively. Similarly, the ortho, meta and para topologies of the N,N'-(phenylene)dibenzamide linkages influence the strength of Cl -···polymer interactions. Specifically, the g Cl-N profile calculated for 1 shows two very narrow and sharp peaks at r < 4.82 Å, which are not detected for 2 and 3. Accordingly, the electrostatic 70 interaction between the Cl -and the positively charged groups of the polymer chains are stronger for 1 than for 2 and 3. On the other hand, the g Cl-N and g Cl-X profiles calculated for 1-free(HCl), which are included in Figure 4C , were scaled (6.7) for comparison with those obtained for 1-3 since the number of Cl The g Cl-X profiles evidence that Cl -anions are closer to the centre of the aromatic rings for 2 than for 1 and 3. This phenomenon is expected to produce some repulsive interactions between the Cl -anions and the aromatic rings of 2, affecting also respectively. These results suggest that the role of the H 3 O + in the gelation of the investigated ionenes is less relevant than that played by Cl -. In general, results displayed in Figure 4 reflect a distinctive internal hydration pattern for 1, which in turn promotes the 20 gelation through the formation of appropriated environment···polymer interactions. More specifically, the presence of relatively small internal hydration regions that accommodate hydrated Cl -anions favours a gelation mechanism in which such negatively charged species act as binders among 25 polymer chains. More specifically, the presence of Cl -anions promote the formation of specific polymer···polymer interactions through a network of attractions and repulsions (e.g. Cl -··· + N and Cl -···, respectively), as is proved below. Simulations on 1-free(HCl) demonstrate that HCl is required for the existence of 30 such internal hydration nanoregions. These results successfully explain the drastic reduction in the gelation time observed for the ionene with an ortho topology when the neutral aqueous solution was acidified ( Figure 2B ).
Polymer···polymer interactions have been examined 35 considering N-H···O hydrogen bonds, N-H···, cation··· and - stacking interactions. Intermolecular hydrogen bonds in 13 and 1-free(HCl), which have been examined through the radial distribution function for H···O pairs belonging to amide groups of different chains (g H-O ; Figure 5A ), reveal important 40 differences. More specifically, the H···O distance between hydrogen bonded amide groups is around 1.9 Å for both 1 and 3, even though the population of this specific intermolecular interactions is several times greater for the former than for the latter. This distance decreases slightly (i.e. to 1.8 Å) for 1-45 free(HCl), reflecting also strong specific interactions between the polymer chains. For 2, the population of hydrogen bonds is intermediate between those of 1 and 3, even though the H···O distance increases and expands from 2.1 to 2.5 Å. These results are fully consistent with FTIR observations for 1 in water and 50
HCl environments, evidencing that the participation of the amide groups in hydrogen bonds is highly favoured for the system with an ortho substitution pattern. Figure 6A reflects the crucial role played by intermolecular hydrogen bonds in the self-assembly and, therefore, gelation properties, of 1. amide group, respectively, the latter being the only influenced by the core topology. However, the sharp and broad peak for 1 and 2, respectively, at 4.7 Å ( Figure 5B ) has been attributed to the formation of attractive interactions between amide groups and aromatic rings belonging to different chains ( Figure 6B ). The 75 geometry of this intermolecular interaction, which is poorly detectable for 3, is considerably better defined for 1 than for 2, even though the abundance is pretty similar for such two ionenes. result, which is fully consistent with our previous study, 25 suggests that N + ···X cm are much less relevant for the gelation that hydrogen bonds and N-H··· interactions.
The formation of - stacking interactions have been examined considering separately the radial distribution of 5 X cm ···X cm pairs of aromatic rings belonging to different or the same chain (g X-X(inter) and g X-X(intra) , respectively). Inspection of the g X-X(inter) profiles ( Figure 5D ) reflects that, considering a threshold distance of 6 Å, the amount of intermolecular - stacking interactions decreases as follows: 2 > 3 > 1 > 1-10 free(HCl). The population of intermolecular - stacking is 24%, 40% and 50% lower for 3, 1 and 1-free(HCl), respectively, than for 2). Moreover, the position of the first peak indicates that intermolecular - stacking interactions are stronger for 2 than for 1, 3 and 1-free(HCl). Thus, the g X-X(inter) profile calculated for 15 2 exhibits a high and sharp peak centred at 3.9 Å, which is very close to the optimum inter-ring distance predicted by quantum mechanical calculations for the strongest non-covalent interaction between -systems. 39 In contrast, 1, 3 and 1-free(HCl) show a broad and less intense peak centred at 4.9 Å, which is also 20 identified as a local peak for 2. Comparison of these results with experimental features and the interactions discussed above suggests that hydrophobically-driven intermolecular - stacking interactions are not crucial for the gelation process in acid environments. Thus, the entropic and entalphic contributions 25 associated to the hydration of Cl -anions in small internal regions dominate with respect to hydrophobic effects in acid aqueous solutions. However, - interactions play a key role in neutral water, where the strong inter-chain binding effects induced by the Cl -anions are not present. The relative orientation between the interacting rings have been examined by analyzing the degree of tilting, which is defined by the angle formed between the planes of the two rings, 50 () for all pairs of aromatic rings with at a X cm ···X cm distance lower than 6 Å, the latter value being derived from the g X-X(inter) profiles ( Figure 5D ). The degree of tilting, which can range from 0º to 90º, for two rings arranged in a sandwich or T-shaped configuration (i.e. coplanar or perpendicular rings, respectively) 55 is   45º  > 45º. Results, which are represented in Figures 7A-B , indicate that, although both the sandwich and T-shaped arrangements coexist, the former is the most abundant by around 310%. Moreover, the distribution of the  shows a broad peak with a maximum at around 20º for 13 and 1-free(HCl) (Figure   60 7B), reflecting a small distortion with respect to the ideal coplanar disposition of the interacting rings (i.e. an example of intermolecular - stacking for 1 is displayed in Figure 6A ).
The g X-X(intra) profiles ( Figure 5E ) reflects the formation of intramolecular - stacking interactions that are distinctive of 1 65 and to a lesser extend of 1-free(HCl). More specifically, the broad and small peak centred at 3.8 Å and more intense peak at 5.0 Å have been associated to strong and weak intramolecular stacking interactions, respectively, whereas the sharp and intense peak detected for the three ionenes at 6.5 Å (Figure 5E , inset) 70 corresponds to the neighbours non-interacting aromatic rings. Interestingly, although this kind of interaction is not detected for 2 and is scarce for 3 (i.e. the intramolecular interactions represents 2.5% of all - stacking identified for 3), it is around 25% more abundant than intermolecular - stacking for both 1 75 and 1-free(HCl) Moreover, analysis of the degree of tilting indicates that the T-shaped is the most populated arrangement (Figures 7C), this tendency being more propounced for 1-free(HCl) than for 1. However, Figure 7D illustrates that there is no well-defined peak in the corresponding distribution profiles. 80 Indeed, inspection of a number of snapshots revealed the formation of intramolecular - stacking networks in 1 and 1-free(HCl). This is illustrated for 1 in Figure 6C , which shows a network of three interactions (two parallel and one T-shaped) involving four rings of the same chain. These characteristics, 85 which represent important differences with respect to the intermolecular - stacking, reflects the importance of conformational flexibility of the polymer chains. Overall, the unique behaviour of 1 and 1-free(HCl) in terms of intramolecular - stacking suggests that these interactions play a crucial role in In summary, comparison of the information extracted MD trajectories with the experimentally determined gelation capacity 10 indicates that the interactions between the polymer chains and the acid counterion (Cl -) play a crucial role in the assembly process. More importantly, counterions affect polymer···polymer interactions, as is clearly depicted in Figure 6D . For example, hydrogen bonding, N-H··· and intermolecular - stacking, 15 which are distinctive interactions in 1, are affected by the Cl -located around the polymer chains. Indeed, Cl -anions coming from the acid solution are placed in the internal hydration areas surrounding polymer chains, and act as binders facilitating the interactions among them. This mechanism is not possible in 20 neutral aqueous solutions since the concentration of Cl -is too low. Polymer···polymer interactions are more abundant in 1 than in 2 and 3. Apparently, differences between the latter are much less clear. Thus, cation··· and intramolecular - stacking interactions are slightly preferred for 3 while N-H···O and N- 25 H···, cation··· are slightly more favourable for 2. However, analysis of the intermolecular - stacking forces, which are considerably stronger and more abundant for 2 than for 3, suggests that these interactions are responsible for the experimental observations. Thus, the remarkable differences 30 found on the gelation of 2 and 3 should be attributed to the fact that the meta topology facilitates a greater approximation between aromatic rings of different molecules, which results in the formation of greater number of - stacking interactions.
Conclusions
35
The challenging gelation of acidic solutions was achieved using polycations bearing quaternary ammonium moieties. These ionene polymers were synthesized from a disubstituted phenylene dibenzamide core, which allows the construction of different topomers (i.e. ortho-1, meta-2 and para-3). Remarkably, the 40 topology of the polymers was found to play a crucial role on their aggregation behaviour both in pure water and in a variety of aqueous acidic solutions leading to the formation of uncommon acidic gels. In particular, ortho-1 showed superior gelation ability than the analogues meta-2 and para-3 in solutions of different pH 45 and ionic strengths. In terms of gel properties, lower critical gelation concentrations, higher gel-to-sol transition temperatures and faster gelation were routinely observed for ortho-1 topomer. Finally, atomistic MD simulations on huge models have allowed to conclude that the distinctive properties of 1 are due to the 50 formation of specific polymer···polymer interactions (i.e. hydrogen bonds, N-H··· and intramolecular - stacking), which are facilitated by the binder effect of Cl -counterions. Both the formation of intramolecular - stacking networks and the role of the Cl -in the stabilization of specific polymer···polymer 55 interactions are singular trends with respect to 2 and 3. Thus, the ortho topology favours both the contact among polymer chains and, therefore, the formation of small internal hydration regions. This synergistic combination, which is not possible for the meta-2 and para-3, is responsible of the role played by Cl -counterions in 60 the superior gelation of the former. Finally, differences between the two latter ionenes have been attributed to the greater strength of intermolecular - stacking in 2. Future experiments involving dynamic light scattering and ultrasonic attenuation spectroscopy to understand the topological influence of the hydrodynamic 65 radius in solution approaching the CGC are currently underway in our laboratories.
